Thick film conductors based.on A1, Cu and Ni have been studied. Because of its high depth of field a SEM was used to study the microstructures of the fired conductors.
INTRODUCTION
A film conductor produced by thick film technology is obtained by firing a paste that contains a metal powder. The process transforming the powder into a-conductor is generally described as sintering.
Sintering can be defined as a process by which the surface free energy of a powder compact decreases; but this definition does not describe how the geometry of the compact changes, neither does it specify the mass transfer mechanism involved.
Several theories concerning the sintering mechanism have been developed in oowder metallurgy and in ceramics technology.
1,2 During sintering, the particles are bofided together and the pores shrink. A qualitative theory dealing with grain growth during densification has been developed by Greskovich and Lay. 3 The aim of the present study is to find out if these theories can give a better understanding of the firing process of a thick film conductor. The Herring 4 proposed a more precise method to determine the sintering mechanism. When two powders with geometrically similar particles (the linear dimensions of number two being X times those of number one) are sintered, they reach similar geometries (x 1/a x2/a2 ) after times At and At2 respectively; these time intervals are related as follows" At2 ,n At1 (2) The values for n are also given in Table I (660 C). So, it is obvious that there is no sintering in the sense dealt with above, but there is probably a sintering between the oxide-skins of the M-particles. These oxide-skins hinder the diffusion of the A1 atoms from one particle to another, excluding neck growth in this case.
Copper
A paste based on a spherical Cu powder with a maximum diameter of 45/m was prepared. When this paste was fired, the necks growing between the particles were clearly observed.
Herring's scale laws show that smaller particles sinter much quicker than larger ones. The particles used in commercial Cu pastes are much smaller than those that were used in our paste, so neck growth can proceed much faster in a commercial paste. Figure 4a shows five firing profiles with the same peak temperature.
The firing time was varied by stopping the belt for a certain time at Tpeak. Using this method, the substrates were always heated and cooled at the same rate.
When SEM photographs ( Figure 5 ) of Cu films that have been fired according to the profiles of Figure 4a, Figure 4a . The same evolution of the microstructures was observed.
In Figure 4b , the sheet resistances of Cu conductors with and without glass (ESL 2310 and 2311) are plotted as a function of to.9, i.e. the time that the profile was above 0.9 Tpeak. A retarding effect due to the presence of glass is observed.
When a Cu conductor is etched for a long time in a 5% HF solution, the film can be removed as a foil. The same effect occurs with Ag and Ni films. In an A1 conductor however, the film is decomposed into the original powder particles when it is etched. This happens probably because the AI 03 bondings between the particles are dissolved by the HF. This shows the strong particle-particle bonding in Cu, Ag and Ni conductors.
The sheet resistance of a fired Cu conductor is only twice its theoretical minimum value whereas the sheet resistances of fired AI and Ni conductors are ten times higher than their respective theoretical minimum values. This can be explained by the observed microstructures of the different conductors (Figures 3, 5, 6 ). It can also be remarked that the oxide-skins (AI 03 and NiO) of the particles prevent a good bonding between the particles and hinder grain growth. Table II gives a comparison between the specified sheet resistances and the theoretical minimum sheet resistances of some metals. In a Ni conductor, the particles are bonded together, but no grain growth is observed ( Figure 6 ). The ESL (Figure 7 ). This implies that solution-precipitation is not the only mechanism involved. Also in an Ag film (ESL 5965 and Plessey C-8600) grain growth during sintering was observed.
It can be concluded from these experiments that the two Ib metals Ag and Cu do behave in a very similar way when low-density compacts of their powders are fired.
CONCLUSION
It has been shown that the theories concerning neck growth, densification and grain growth as found in the literature, throw light upon the sintering of thick film conductors.
Because of its high depth of field, the SEM was very useful in examining the microstructures of the fired conductors.
Because of the very small size of the particles in commercial Cu and Ag pastes, the neck growth forms part of the grain growth mechanism.
The bonding between the particles is much stronger in Cu than in A1 films, because the oxideskins hinder the bonding between the A1 particles. This also seems to be the reason why the sheet resistance of Ag and Cu films virtually reaches the theoretical minimum.
